Introduction
The carcinoembryonic antigen (CEA) family of cell adhesion molecules (CEACAMs) comprises a group of highly homologous glycoproteins that are expressed in a wide variety of tissues. In the colon, CEA and the CEACAMs 1, 6 and 7 are expressed by differentiating crypt cells representing a major constituent of the glycocalix in the brush border, but their physiological function is not clear (Hammarstrom, 1999) . We and others have established that the expression of CEA-CAM1 is downregulated in more than 85% of early colorectal adenomas and carcinomas (Neumaier et al., 1993; Nollau et al., 1997b; Zhang et al., 1997) . In addition, experimental data strongly indicate a tumor suppressor function of CEACAM1 in colon tumorigenesis (Kunath et al., 1995; Turbide et al., 1997; Izzi et al., 1999; Fournes et al., 2001) .
Colorectal carcinomas (CRC) develop by a successive and ordered accumulation of genetic alterations termed 'multistep carcinogenesis' (Fearon and Vogelstein, 1990) . Around 80% of the colorectal cancers are characterized by defects in the 'adenomatous polyposis coli (APC)/WNT signaling pathway' leading to bcatenin accumulation. APC defects are very common and remarkably constant throughout all stages of colorectal neoplasia (Powell et al., 1992; Goss and Groden, 2000) . Functional studies and experimental animal models implicate APC as the molecular gatekeeper, whose inactivation initiates neoplastic growth and a chromosomal instability (CIN) phenotype eventually leading to polypous CRC. Specifically, the dysplastic/neoplastic stage is initiated either by mutations in the APC tumor suppressor gene itself, gain of function mutations of the b-catenin gene or by methylation silencing of the APC gene promoter (Kinzler and Vogelstein, 1996; Esteller et al., 2000; Goss and Groden, 2000; Fearnhead et al., 2001) . Finally, the epigenetic silencing of the WNT-inhibitory SFRP genes can lead to b-catenin accumulation and has been proposed to sensitize the affected cells for the downstream genetic defects of APC or CTNNB1 (Suzuki et al., 2004) .
In contrast to dysplasia, defects in the APC pathway are virtually absent from the hyperplastic tumors, that is, hyperplastic aberrant crypt foci (ACF) that represent the earliest mucosa lesions, and also from hyperplastic polyps (HP) (Jen et al., 1994; Smith et al., 1994) . However, dysplastic subsets of ACF have been defined (Bird, 1995) showing mutations of CTNNB1 and nuclear accumulation of b-catenin (reviewed in Mori et al., 2004) . Hyperplastic ACF can develop focal losses of the DNA mismatch repair complex and chromosomal aberrations (Hawkins et al., 2000; Jass et al., 2000; Hawkins and Ward, 2001) , and direct histological evidence for an early carcinomatous lesion has been recently demonstrated within HP (Hawkins and Ward, 2001) , suggesting that hyperplasia may be a precursor lesions. While hyperplastic growth of the colon epithelium results from reduced apoptosis of unknown cause rather than from an increase in proliferation (Roncucci et al., 2000) , the mechanism of how hyperplasia may develop is still unclear.
We were interested in the role of CEACAM1 within the multistep tumorigenesis and have investigated (i) colorectal tissue specimens of CRC, adenomas, hyperplastic ACF and HP to study the relationship between defects in the APC pathway and a decrease or loss of CEACAM1 expression and (ii) differences in the apoptosis in hyperplastic and neoplastic colon crypts and their correlation with changes of CEACAM1 expression. Since the results suggested that CEACAM1 expression and apoptosis were functionally linked in colon tumor development, we have investigated the capability of CEACAM1 to act as a regulator of apoptosis in two different in vitro cell culture models.
Results

APC mutations and CEACAM1 expression in hyperplastic and neoplastic lesions
Since virtually all mutations of the APC gene in colon carcinogenesis lead to truncated peptides, a protein truncation test (PTT) (Powell et al., 1993; Laurent-Puig et al., 1999) can be used to efficiently screen for APC mutations. Truncated APC peptides were detected in 70% (14/20) of the small adenomas with previously confirmed downregulation of CEACAM1 mRNA expression (Nollau et al., 1997b ) using a nonradioactive PTT assay (Kirchgesser et al., 1998) . All APC mutations were detected between codons 653 and 1700. Of these, 65% (9/14) occurred within the mutational cluster region, consistent with data reported by others (Rowan et al., 2000; Fearnhead et al., 2001) .
Since APC is the key regulator of cytoplasmic bcatenin degradation, intracellular b-catenin accumulation can be used as a marker for APC defects (Herter et al., 1999) . Expectedly, b-catenin accumulation with or without nuclear staining was present in 75% (12/16) of the adenomas and 80% (4/5) of the carcinomas while normal b-catenin expression was found in all hyperplastic ACF and in 88% (37/42) of the HP (Figure 1) . In contrast, a marked decrease or complete loss of CEACAM1 protein expression was already observed in 72% (23/32) of the ACF and 86% (36/42) of the HP. Neoplastic tumors, that is, adenomas and carcinomas, were included in this study as positive controls. A total of 88% (14/16) of the adenomas and all carcinomas (5/5) were negative for CEACAM1 (Figure 1 ), confirming previous reports on the frequency of loss of CEACAM1 expression in benign and malignant colorectal neoplasias (Neumaier et al., 1993; Nollau et al., 1997b) . Figure 2 demonstrates that, in both hyperplasia and neoplasia, the loss of CEACAM1 expression starts in the transition zone between normal mucosa and the tumor lesions. Typically, while CEACAM1 expression is present on the surface of normal colon epithelium within the differentiation zone (black arrowheads), it is absent in the affected tissues (white arrowheads). Consistent with the literature, CEACAM1 expression was not detected in the proliferative crypt compartment (Hammarstrom, 1999 ).
Assessment of apoptosis in tissue sections
We investigated apoptosis in normal colon epithelium, ACF, HP, adenomas and carcinomas. In longitudinal sections of colon crypts previously immunostained with mab M30, an average of 403-951 cells per tissue type (range: 136-2917 cells/sample) were microscopically evaluated in the tumor samples (Figure 3 ). Consistent with reports elsewhere (Kikuchi et al., 1997) , normal colon epithelium showed a rate of 0.93% (71.25%) apoptotic cells. In detail, M30-staining apoptotic cells were identified within the differentiation zone mostly close to the luminal surfaces. In contrast, in the great majority of hyperplastic lesions, a marked reduction in apoptosis was found for hyperplastic ACF (0.17%70.37; Po0.0001) and HP (0.31%70.53; Po0.0012). We found a significant correlation between CEACAM1 expression and the rate of apoptosis in these hyperplastic tumors. Only 14% of the HP (n ¼ 6) investigated showed CEACAM1 expression. As shown in Figure 4 , these polyps displayed a rate of apoptosis that was significantly higher (0.36 vs 0.16%; Po0.04) than in the CEACAM1-negative HP (n ¼ 36) (Figure 4) . In contrast to the hyperplastic lesions, an increased proliferation, as measured by Ki-67 staining intensity, was only noted in adenomas and carcinomas (data not shown). 
CEACAM1 triggers apoptosis in vitro
We then investigated the potential functional basis for the histopathological correlation between loss of CEA-CAM1 and the loss of apoptosis previously observed in the hyperplastic tumors. As shown in Figure 5 , crosslinking of CEACAM1 on the cell surface using the CEACAM1-specific mab 4D1C2 and mab T84.1, an antibody crossreacting with CEACAM1 (Nap et al., 1992) , triggered apoptosis in CEACAM1-transfected Jurkat reporter cells, but not in the untransfected Jurkat cells (Po0.001). Importantly, the transfection did not change the susceptibility of the Jurkat cells for apoptotic stimuli as documented by the control CD95 antibody. Also, the CEACAM1 expression on the cell surface did not influence the base rate of apoptosis by itself. No increase in apoptosis was observed, when the antibodies were used with the untransfected Jurkat control cells. Thus, the increase in apoptosis was a specific function of CEACAM1 crosslinking and did not occur in cells treated with irrelevant antibody ( Figure 5 ). Also, in CEACAM1-transfected Jurkat cells, we were able to assess the role of CEACAM1 as a mediator of apoptotic signaling without interference from other members of the CEACAM family.
To study the apoptosis-mediating function in a more relevant in vitro system, the human colon cancer cell line HT29 was used. HT29 cells express low levels of CEACAM1 on the cell surface. Using IFNg as described by others (Takahashi et al., 1993) increases the CEACAM1 mRNA expression in HT29 cells between four-and sevenfold as measured by Light Cycler realtime RT-PCR (Roche Molecular Systems, Mannheim, Germany) (data not shown). Importantly, neither IFNg treatment nor unspecific antibodies influenced apoptosis in the HT29 cells under the conditions chosen by themselves ( Figure 6 ). Also, the increased cell surface expression of CEACAM1 did not enhance, by itself, the rate of apoptosis in these cells. However, when CEACAM1 was crosslinked using specific antibodies, a significant induction of apoptosis was noted in the stimulated compared to the unstimulated cells. This CEACAM1-mediated effect has to be appreciated considering the known relative apoptosis resistance of HT29 (Battu et al., 1998; Tan et al., 2002) and the fact that unstimulated HT29 cells programmed cell death could not be provoked in the CEACAM1 low expressors ( Figure 6) .
These results clearly demonstrate in two independent and different models that CEACAM1 possesses a specific function to modulate apoptosis. All experiments have been carried out independently at least three times.
Discussion
It has been known for some years that the expression of the human tumor suppressor CEACAM1 is lost in the great majority of both colon cancers and early colon adenomas (Neumaier et al., 1993; Nollau et al., 1997a, b; Zhang et al., 1997) . In this report, we have investigated the role of CEACAM1 in context with the genetic multistep model of carcinogenesis (Fearon and Vogelstein, 1990 ) and its temporal relationship to the defects in the APC pathway. In early adenomas with loss of CEACAM1, we detected APC defects in 70 and 75% of the cases by PTT and immunohistochemistry, respectively. This represents the overall frequency of APC mutations reported for colorectal neoplastic tumors (Powell et al., 1993; Jen et al., 1994; Suzuki et al., 2004) and demonstrates that loss of CEACAM1 is not an epiphenomenon of APC pathway defects, but occurs as an independent event with even higher frequency, thus raising the possibility that loss of CEACAM1 may precede APC pathway defects during tumorigenesis.
We hypothesized that CEACAM1 expression occurs in tumor lesions prior to neoplastic transformation and Sensitivity of HT29 cells to apoptosis by CEACAM1 crosslinking at high levels (dark columns) or low levels (light columns) of CEACAM1 gene expression. Crosslinking was performed using the following antibodies: mab 4D1C2 (anti-CEACAM1), mab 7D11 (anti-b-catenin; negative control), polyclonal goat IgG (anti-mouse; secondary antibody). Apoptosis was analysed in the cell lysates as free DNA-histone complexes by ELISA, and is given after normalization to 10 6 cells/sample. Values are presented as mean7standard deviation CEACAM1 in colorectal tumorigenesis S Nittka et al first investigated microscopically small hyperplastic ACF and HP as the earliest candidate lesions. In the past, hyperplastic lesions have been considered harmless, in part because they do not carry APC mutations (Jen et al., 1994; Otori et al., 1998) . However, they are now being recognized as potential precursors within the multistep carcinogenesis (Otori et al., 1995; Jass et al., 2000; Jass, 2001) . Indeed, recent evidence suggests that carcinomas can develop within a hyperplastic tumor (Hawkins et al., 2000) . Similarly, it has been demonstrated in experimental animals on a carcinogenic diet that, while most hyperplastic ACF will regress, there was a 17-fold increased risk to develop a neoplastic tumor progress from a hyperplastic ACF compared to its development from normal epithelium (Shpitz et al., 1996) . Considering the well-documented variety of genetic alterations in hyperplastic tumors and the very recent reports of complex and extensive DNA hypermethylation, these lesions represent a heterogeneous continuum, in which subsets are likely to have a significant malignant potential (Suzuki et al., 2004; Wynter et al., 2004) .
It is important to note that, in addition to the concept of a tumorigenesis through gene mutations, altered expressions of genes involved in proliferation and/or apoptosis are now being recognized to predispose colon crypt cells for mutational events and subsequent colon tumor development (Suzuki et al., 2004; Wynter et al., 2004) . For example, epigenetic silencing of the SFRP genes leads to constitutive activation of the WNT pathway in an in vitro transfection model (Suzuki et al., 2004) , and SFRP genes are methylated in a limited number of ACF investigated.
Our data confirm that intracellular b-catenin accumulation, as a marker for APC pathway defects, is very uncommon in hyperplastic tumors (n ¼ 1/59, see Figure 1 ), while accumulation is observed very often in the neoplastic tumors (n ¼ 16/21, see Figure 1 ), mainly in the cytoplasm (Figure 2i ). In contrast, decreased or complete loss of CEACAM1 expression is observed in up to 86% (Figure 1 ), a percentage close to identical to the frequencies reported for neoplastic colon tumors (Neumaier et al., 1993; Nollau et al., 1997b) . Altogether, the loss of CEACAM1 expression is (i) independent of defects of the APC pathway and (ii) equally common in both hyperplastic and neoplastic tumors. These results suggest a pathophysiological link between hyperplastic lesions and the multistep carcinogenesis rather than assuming that these tumors are completely unrelated entities.
One attractive concept of tumorigenesis assumes the failure of crypt cells to differentiate. Very recently, Baas et al. (2004) have shown in vitro that the polarization and differentiation of colon cancer cells can be achieved through an activation of the LKB1 tumor suppressor. However, cells in hyperplastic lesions still show a polarized morphology, and to the best of our knowledge, LKB1 has not been reported to be altered in these early lesions. Also, the role of LKB1 in sporadic colorectal tumors is controversial (Avizienyte et al., 1999; Launonen et al., 2000) .
Alternatively, the emergence of hyperplastic lesions in the colon is explained by an imbalance of crypt homeostasis due to decreased apoptosis rather than increased proliferation (Otori et al., 1995; Roncucci et al., 2000) . This is consistent with our finding of markedly decreased apoptosis in the CEACAM1-negative hyperplastic ACF (Po0.0001) and HP (Po0.0012). Since no increase of either Ki-67 staining or b-catenin accumulation was observed, we believe that defects in the WNT signaling pathway were not involved in the origin of these very early lesions. Interestingly however, only few HP showed normal CEACAM1 expression, and these tumors had a significantly higher rate of apoptosis than CEACAM1-positive tumors (Po0.05; Figure 4 ) supporting the concept of a functional role of CEACAM1 in apoptosis in the colon epithelium. We tested this hypothesis in vitro using two standard models: firstly, CEACAM1-transfected Jurkat cells express the antigen on their cell surface (gift by Dr J Shively) and provide a favorable read-out system compared to many cancer cell lines, as they are sensitive to apoptotic stimuli. Secondly, we used human HT29 colon cells, in which the low levels of CEACAM1 expression can be upregulated by IFNg (Takahashi et al., 1993) . These cells display a relative resistance to various apoptotic stimuli (Battu et al., 1998; Tan et al., 2002) . Both model systems independently demonstrate that CEACAM1 acts as a specific trigger for apoptosis, when crosslinked on the cell surface. For example, Figure 5 shows that the CEA-CAM1 transfection does neither change the susceptibility of the Jurkat cells for apoptotic stimuli nor does CEACAM1 expression influence the base rate of apoptosis. In contrast, crosslinking with CEACAM1 antibodies leads to increased apoptosis in these CEACAM1-expressing cells, but not in the untransfected Jurkat control cells. Significant CEACAM1-mediated apoptosis can also be demonstrated in the HT29 cells after induction of antigen expression ( Figure 6 ). As in the Jurkat experiments, apoptosis was independent of the level of CEACAM1 expression, but required specific crosslinking of the antigen on the cell surface. Similarly, crosslinking of CEACAM1 also appears to be required for signal transduction to ERK1/ 2 (Singer et al., 2002) . Taken together, these experiments clearly demonstrate a new function of CEACAM1 as a trigger of apoptosis in the colon and suggest for the first time a function for the maintenance of tissue homeostasis and maturation in the colon epithelium. While this work was in progress, Shively and colleagues had shown that CEACAM1 can induce lumen formation during glandular differentiation and morphogenesis of mammary epithelia by apoptosis in vitro (Kirshner et al., 2003) . Accordingly, the regulation of morphogenesis by apoptosis may be a major function of this molecule in different tissues.
CEACAM1 is known to play an important role in tumor suppression and differentiation, although its mechanism is unclear (for review see Kunath et al., 1995; Turbide et al., 1997; Beauchemin et al., 1999; Hammarstrom, 1999; Fournes et al., 2001) . We believe that the results presented here give an explanation for some of the tumor suppressor properties.
It is firmly established that the cell surface expression of CEACAM1 and other members of the CEACAM family commences in the lower half of the colonic crypt and becomes more prominent in the glycocalix as these cells differentiate and migrate toward the gut lumen. Within the glycocalix coat, the CEACAM molecules form a dense network via homo-and heterophilic adhesions (Frangsmyr et al., 1995; Hammarstrom, 1999) , a process simulated by our in vitro crosslinking models. We believe that the maturing and migrating crypt cells receive proapoptotic signal through the increasing number of CEACAM1 molecules crosslinked by molecular adhesion between the CEACAMs on the cellular surface. It is noteworthy that CEACAM1 is the only member in this gene family equipped with a transmembrane and a cytoplasmic domain. Indeed, signal transduction through CEACAM1 has been shown by us and others (Brummer et al., 1995; Hammarstrom, 1999) . As we have shown in HT29 cells expressing different levels of CEACAM1, the failure to express CEACAM1 is therefore likely to reduce apoptosis and may directly contribute to hyperplastic tumor formation.
At this point, the reasons for the frequent loss of CEACAM1 expression are unclear. Strategies to assess this question are currently restricted to in vitro models. Murine animal models have proven to be of limited value, since mice -in contrast to man -possess two CEACAM1 homologs with different functions (Robitaille et al., 1999) and knockouts have only been partially successful for the murine homolog ceacam1 (Blau et al., 2001) .
How can the loss of CEACAM1 contribute to our current models of colon carcinogenesis? As we propose in Figure 7 , the failure to express the proapoptotic CEACAM1 contributes to the generation of hyperplastic lesions, which may accumulate various genetic or epigenetic alterations. However, prior to defects of a gatekeeper like the APC pathway, these are not permissive for tumor progression and will lead to spontaneous regression of the lesion (Powell et al., 1992; Jen et al., 1994; Otori et al., 1995; Hawkins et al., 2000) . If cells within the hyperplastic lesion suffer a gatekeeper defect, they would take the 'Vogelstein exit' to neoplastic tumor growth.
The proposition that hyperplastic lesions may represent the initial, although very inefficient precursors of neoplastic tumor development also allows for a molecular explanation of the high frequency of APC defects in neoplastic tumors. Specifically, somatic gene defects must occur independently on both APC alleles within few cell divisions, that is, before the differentiating crypt cells lose their ability to replicate (reviewed in Goss and Groden, 2000; Michor et al., 2004) . Although the first hit on APC should be expected within the crypt stem cell compartment to perpetuate the first defective allele for the progeny, recent data demonstrate that APC mutations are first identified outside the stem cell compartment (Shih et al., 2001) . The broadened proliferation zones and decreased apoptosis in the CEACAM1-negative hyperplastic lesions are consistent with these data and the view that hyperplasia represents a predisposing event preceding APC defects and neoplasia in these crypts. Support for this model of comes from a very recent study by Michor et al. (2004) . Using a mathematical model for the cellular dynamics in the colon crypt and colon cancer initiation, these authors conclude that chromosomal changes are very likely to precede APC mutations in colon carcinogenesis.
Further studies are now needed to unravel the gene regulatory pathways governing CEACAM1 expression to detect the cause for the failure of crypt cells in starting the expression program and the molecular mechanisms by which CEACAM1-expressing cells are susceptible to apoptotic stimuli.
Materials and methods
General study design
Fresh colorectal tissues (normal mucosa, n ¼ 55; ACF, n ¼ 32; HP, n ¼ 42; adenomas, n ¼ 36; carcinomas, n ¼ 5) were obtained from surgical specimens and processed using histopathological examination with dissection of normal and tumor tissue. Of the 36 adenomas, 20 were subjected to nucleic acids preparation, while the remaining samples were used for immunohistochemical analyses. Patients with adenomatosis or a history of chronic inflammatory bowel disease were excluded. Functional studies were performed in in vitro models.
Protein truncation test for APC
Nucleic acids were isolated from 20 adenomas as described (Nollau et al., 1997b; Sambrook et al., 1989) . From 2 mg total Figure 7 Extended model of colorectal tumorigenesis based on the loss of CEACAM1 antigen expression that is common to both the hyperplastic and neoplastic pathways of tumor development. Loss of CEACAM1 expression results in reduced apoptosis of crypt cells and contributes to hyperplastic growth (ACF and polyps). Hyperplastic tumors subsequently contract genetic and/or epigenetic defects of different qualities: nonpermissive alterations, for example, non-gatekeeper mutations in genes like k-ras or p53 lead to regression of the lesion and subsequently restoring normal mucosa. Permissive alterations (asterisk) involve mutations of gatekeeper genes, for example, APC or b-catenin, subsequently leading to initiation of the adenoma/carcinoma sequence (referred to as 'Vogelstein exit') CEACAM1 in colorectal tumorigenesis S Nittka et al RNA, RT-PCR amplification of exons 1-14 of the APC gene was performed as described (Bala et al., 1996) using 10 pmol of primer RT15 5 0 ACGAGAACTATCTA AGCTTCC3 0 and 300 U Superscript II (Gibco BRL, Karlsruhe, FRG). For PCR, the High Fidelity PCR system (ROCHE Molecular Systems, Mannheim, FRG) was used with 20 pmol of the primers APC1T7 5 0 GGATCCTAATACGACTCACTATAG GAACAG ACCACCATGGCTGCAGCTTCATATGATC3 0 and APC15.3 5 0 GTAGACAGTTGTTCTCTC TTAGGATTT 3 0 . PCR conditions were 941C (3 min) followed by 35 cycles of 941C (1 min), 641C (1.5 min) and 721C (2 min) with a final extension of 721C for 10 min. Exon 15 sequences were amplified from genomic DNA as described (Kirchgesser et al., 1998) initially at 941C (5 min) followed by 35 cycles of 941C (30 s), 601C (30 s) and 721C (2 min) with a final extension of 721C for 10 min. In vitro mRNA transcription and translation reactions were performed using commercially available PTT kit reagents (ROCHE Molecular Systems). The translated products were separated by 10% SDS-PAGE, transferred to PVDF membranes with a semidry blotter (Biometra, Go¨ttingen, FRG) for 45 min at 200 mA and stained with the Biotin/Streptavidin Chemiluminescence's Kit (ROCHE Molecular Systems) (Kirchgesser et al., 1998) . Chemiluminescent bands were detected on the PVDF membranes after exposure of X-OMAT AR film (Kodak GmbH, Stuttgart, FRG) for up to 30 s.
Immunochemistry of tissue samples
For the identification of ACF, areas of 10-18 cm 2 were cut from normal colon mucosa tissues, fixed on glass slides and immersed in 4% formaldehyde/PBS at 41C for 1-4 h. The samples were stained with 0.2% methylene blue (Sigma, Taufkirchen, FRG) for 3 min. ACF were identified at a low power magnification (Bird, 1987) , marked with permanent ink, dissected and subsequently embedded in paraffin. Tissues from HP, adenomas and carcinomas also were formalin-fixed and embedded in paraffin. Prior to H&E staining and immunohistochemistry, 5 mm tissue sections were deparaffinized and washed in PBS. Antigen retrieval was carried out in a microwave oven for 10 min at 650 W in 10 mM citric buffer (pH 6.0) or for 3 min at 650 W in 1 mM EDTA buffer (pH 8.0) followed by 7 min at 160 W.
The following monoclonal antibodies were used for immunohistochemistry: M30 against a cytokeratin 18 neo-epitope generated by caspase activity (ROCHE Biochemicals, Mannheim, FRG), 29H2 against human CEACAM1 (Novocastra, Newcastle, UK) (dilution 1/50; v/v), T84.1 and T84.66 against CEA (5 mg/ml) (Nap et al., 1992) , CH11 to human CD95 (Coulter Immunotech, Heidelberg, FRG) (100 ng/ml) and 7D11 against b-catenin (Alexis, Gru¨nberg, FRG) (5 mg/ml). Antibody binding was detected using the HRP-based immunohistochemistry Elite kit with diaminobenzidine according to the manufacturer's standard protocol (Vector Laboratories, Burlingame, CA, USA). Immunohistochemical staining was examined by light microscopy (Leica Microsystems, Wetzlar, Germany) and images were captured by an attached DCC camera (Canon, Krefeld, Germany). Expression of antigens was scored semiquantitatively as lost (À), diminished ( þ ), normal þ or elevated þ þ in comparison to adjacent normal tissue of the same section. The CEACAM1 staining in hyperplastic and neoplastic lesions was assessed by comparing the intensity to the staining in the adjacent normal mucosa of the same slide to exclude interassay variance. With respect to the normal mucosa section, a decreased CEACAM1 expression was defined as uniformly diminished staining intensity across the entire lesion or the complete CEACAM1 loss in single crypts of a lesion. Complete absence of staining for CEACAM1 was scored as loss of expression.
Digital image analysis
For the evaluation of b-catenin accumulation in tissue sections, microscopic image files displaying both tumor and adjacent normal tissues were scanned and analysed using a pixel-based graphics software (Photo Paint 7.0, Corel Corp.). Briefly, comparably sized tissue areas representing the luminal half of cells were converted to monochromatic images and subsequently corrected for background staining. A histogram function was generated from Pixel density and mean pixel shades and the b-catenin accumulation was expressed as the ratio of mean pixel shade {lesion}/mean pixel shade {normal tissue}.
Apoptosis in CEACAM1 transfectants and human HT29 colon cancer cells
The cell culture media of CEACAM1-expressing Jurkat cells (kindly provided by Dr J Shively) were supplemented for 4 or 16 h with the different monoclonal antibodies CH11 (100 ng/ml), 4D1C2 (4 mg/ml), T84.1 (8 mg/ml) or 7D11 (10 mg/ml). Subsequently, the media were replaced with media containing 15 mg/ml goat anti-mouse immunoglobulin (Dianova, Hamburg, FRG) . At 80 or 92 h later, the apoptotic cells were evaluated using propidium iodide or the cell death detection ELISA (Roche, Mannheim, FRG) according to the manufacturer's protocol.
HT-29 cells were cultured in RPMI 1640 supplemented with 10% heat-inactivated FCS, 4 mM L-glutamine and penicillin/ streptomycin. Cells from confluent cultures were trypsinized, seeded at approximately 60 000 cells/well overnight and stimulated with IFNg as described (Takahashi et al., 1993) . Antibodies were used under the conditions described above for the Jurkat cell experiments.
Statistical analysis
Apoptosis in the colon tissue sections was evaluated as mean percentage of M30-positive mucosa cells in the respective tissue sections. Statistical analysis was performed using the Welch's method of the Student's t-test for unequal standard deviations. All cell culture experiments were carried out in triplicate and were independently repeated twice. Evaluations were carried out in a blinded fashion. For statistical analysis, the Wilcoxon's rank test was used.
Abbreviations ACF, aberrant crypt foci; APC, gene for adenomatous polyposis coli; CEACAM, CEA-like cell adhesion molecule; HP, hyperplastic polyp; PTT, protein truncation test.
